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Effective field theory approach to the Higgs lineshape
Diogo Buarque Franzosi, Fabio Maltoni, Cen Zhang
Centre for Cosmology, Particle Physics and Phenomenology,
Universite´ Catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
The phenomenology of unstable particles, including searches and exclusion limits at the LHC,
depends significantly on its lineshape. When the width of the resonance is large with respect to its
mass, off-shell effects become relevant and the very same definition of width becomes non trivial.
Taking a heavy Higgs boson as an example, we propose a new formulation to describe the lineshape
via an effective field theory approach. Our method leads to amplitudes that are gauge invariant,
respect unitarity and can appropriately describe the lineshape of broad resonances. The application
of the method to the following relevant processes for the LHC phenomenology have been considered:
gluon fusion, vector boson scattering and tt¯ production via weak boson fusion.
PACS numbers: 14.80
INTRODUCTION
The CMS and ATLAS collaborations have announced
the discovery of a resonance around 126 GeV compatible
with the Higgs boson predicted by the Standard Model
(SM) [1, 2]. To eventually confirm the discovery of the
SM Higgs boson, it will be necessary not only to measure
the strength and the structure of its couplings to the
fermions and vector bosons of the SM, but also to exclude
the existence of other heavier scalar states with similar
properties.
The scalar sector of the SM is particularly simple, yet
it does not provide any clue either on its origin, i.e. on
the possible underlying dynamics, or on its stability. Al-
ternative models that address these and other open ques-
tions often predict a richer structure for the scalar sector,
such as in supersymmetry (SUSY), Technicolor theories
and models with extra dimensions. Two-Higgs doublet
models provide the simplest and most often studied ex-
tensions of the scalar sector of the SM. In all these cases,
heavier scalar and/or pseudo scalar partners of the “SM
Higgs” can be expected below the TeV scale.
The width of such heavy states, turns out to be siz-
able. A large width induces both a smearing and defor-
mation of the signal line shape as well as a sizable sig-
nal/background interference. For a heavy SM-like Higgs,
(e.g, Γ ≃100 GeV for mH ≃ 550 GeV), the narrow width
approximation (NWA) has been shown to be untenable,
possibly invalidating the currently set exclusion limits on
the heavy Higgs and beyond [3, 4].
Going beyond the NWA, however, turns out not to be
such an easy theoretical task. The challenges are mani-
fold. First, the most accurate predictions for the signal
cross sections, typically at the next-to-next-to-leading or-
der (NNLO) in QCD and at NLO in EW , assume a com-
plete factorization between production and decay, i.e.,
they employ the NWA, and the a posteriori inclusion of
width effects is not uniquely defined [5]. Second, the very
definition of a width, which amounts to a resummation of
a specific subset of terms appearing at all orders in per-
turbation theory becomes problematic, leading to possi-
ble violations of gauge symmetry as well as of unitarity
[6].
Currently, the most pragmatic and employed solution
is the so-called complex mass scheme (CMS) [7]. In short,
it amounts to analytically continue the parameters enter-
ing the SM Lagrangian that are related to the masses to
complex values. Such scheme maintains gauge invariance
at all orders in perturbation theory and can be consis-
tently employed in (N)NLO in EW computations [8, 9].
However, since a fixed complex pole is assumed for any
virtuality of the unstable particle, the resulting scattering
amplitudes violate unitarity and do not correctly describe
the lineshape of broad resonances.
An alternative to the CMS is the fermion-loop
scheme [6, 10], which offers a solution for the restoration
of unitarity, but yet does not give a complete description
of unstable particles because the width of a heavy Higgs
is dominated by its decay into gauge bosons. A consistent
treatment of the bosonic contributions is possible in the
framework of the background field gauge [11], but this
requires a calculation of the complete radiative correc-
tions at a fixed loop order. These two approaches require
greatly increase the complexity of the calculation. Other
suggested schemes for the treatment of unstable particles
include the pole scheme [12], the Seymour scheme [13],
the use of an effective Lagrangian including non-local in-
teractions [14, 15], and an approach based on collinear
effective field theory [16].
Summarizing, in general and especially for a heavy
Higgs, one would like to be able to include a running
width in the propagator directly connected with the
Higgs self-energy and at the same time to respect gauge
invariance and unitarity.
In this work we tackle the problem from an effective
field theory (EFT) point of view. We propose to system-
2atically include width effects via a set of gauge invariant
higher dimensional terms to the SM lagrangian, along the
lines of what was first proposed in Ref. [14, 15]. Such new
operators systematically encapsulate higher order terms
coming from the self-energy and naturally allow a run-
ning and physical width for the Higgs in a gauge invari-
ant way. As we will show in the following, our scheme
is consistent at higher orders and it can be considered a
generalization of the CMS as it reduces to it in the limit
where the dependence on the virtuality of the Higgs self-
energy is neglected.
SETTING UP THE STAGE
The two-point Green’s function for the Higgs boson is
∆H(s) = s−m2H,0 +ΠHH(s) , (1)
where mH,0 is the bare mass, and ΠHH(s) is the Higgs
self-energy. In the conventional on-shell definition, the
mass and width are given by
m2H,OS = m
2
H,0 − ReΠ(m2H,OS) , (2)
mH,OSΓH,OS =
ImΠ(m2H,OS)
1 + ReΠ′(m2H,OS)
. (3)
These definitions become gauge-dependent at order
O(g4).
In order to avoid the divergence of the tree-level prop-
agator D(s) = i/(s − m2H,OS), one performs the Dyson
resummation to obtain
D(s) =
i
s−m2H,OS + imH,OSΓH,OS
. (4)
To include the running effects of the width, one can fur-
ther approximate the propagator by
D(s) =
i
s−m2H,OS + iImΠ(s)
, (5)
where the imaginary part of Π(s) is related to the Higgs-
boson width. The consistency of the above treatments of
the Higgs propagator with the equivalence theorem and
unitarity has been discussed by Valencia andWillenbrock
[17].
Alternatively, as shown in a series of papers [12, 18]
a consistent, convenient and resilient definition of mass
µ and width γ up to two loops, is obtained by setting
sH ≡ µ2 − iµγ and then solving the implicit equation
sH −m2H,0 +ΠHH(sH) = 0 (6)
in terms of sH . This gives a gauge independent definition
to all orders [19] (independent of the gauge choice present
in the computation of ΠHH(sH)) and in addition avoids
unphysical threshold singularities [20].
The above definition is also consistent with the use of
the CMS. In this scheme the propagator is ∆−1H (s) =
s − sH . By definition this approach can give a good
approximation of the full propagator
∆−1H (s) =
1
s− sH +ΠRHH(s)
(7)
only close to the pole or, equivalently, for a small width,
γ/µ ≪ 1. Here ΠRHH(s) is the renormalized self energy,
satisfying the following renormalization conditions:
ΠRHH(sH) = 0 , Π
′R
HH(sH) = 0 . (8)
A natural improvement would consist in including
the full resummed propagator in explicit calculations.
This, however, leads to gauge violation already at the
tree level. The reason being that in perturbation theory
gauge invariance is guaranteed order by order while the
presence of a width implies the resummation of a specific
subset of higher order contributions, the self-energy
corrections. This results in a mixing of different orders
of perturbation theory. In particular, the following
issues need to be addressed:
1. In general ΠHH(s) explicitly depends on the gauge-
fixing parameter (GFP). To resum the self-energy
correction to all orders, ΠHH(s) must be extracted
in a physically meaningful way.
2. The resummed propagator spoils the gauge can-
cellation among different diagrams, and eventually
leads to the violation of Goldstone-boson equiva-
lence theorem and unitarity bound.
Both issues can be tackled by the so-called Pinch Tech-
nique (PT) [21–24]. In the PT framework, a modified
one-loop self-energy for the Higgs boson can be con-
structed by appending to the conventional self energy
additional propagator-like contributions concealed inside
vertices and boxes. For the application of PT in resonant
transition amplitude, and in particular, the extraction of
a physical self energy, we refer to the work of Refs. [25–
29].
The modified self-energy correction for the Higgs is
GFP-independent, and reflects properties generally asso-
ciated with physical observables. At the one loop level,
we have the following expressions [28, 30]
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FIG. 1: Diagrams contributing to fermion anti-fermion scattering into longitudinal W ’s.
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where the superscripts denote the contributions from the
W , Z, fermions and Higgs loops, and
B0(p
2,m21,m
2
2)
≡ (2piµ)4−d
∫
ddk
ipi2
1
(k2 −m21) [(k + p)2 −m22]
(13)
is the normal Passarino-Veltman function [31]. These re-
sults are indepent of the GFP. Note that the expressions
in Eqs. (9-12) coincide with the ξ = 1 result obtained in
the background-field gauge [32–34].
In addition, the gauge cancellation among different
amplitudes can be restored, by including certain vertex
corrections obtained via the PT [30, 35]. This is be-
cause in this framework the Green’s functions satisfy the
tree-level-like Ward identities (WI), which are crucial for
ensuring the gauge invariance of the resummed ampli-
tude.
As an example, let us consider the Higgs-mediated
part of same helicity fermion scattering into longitudinal
W ’s, f±f¯± → W+LW−L . There are contributions from s-
channel and t-channel diagrams, as is shown in Figure 1.
The contributions from t-channel and Higgs diagram to
the amplitudes coming from longitudinal components of
the W ’s and same helicity fermions (in the high energy
limit) read 1
MLh ≡Mµνs
k1µk2ν
m2W
=
−igmf
2mW
v¯(p2)u(p1)
i
∆H(s)
ΓHWW,µν (q, k1, k2)
k1µk2ν
m2W
MLt ≡Mµνt,Z
k1µk2ν
m2W
= − ig
2mf
4m2W
v¯(p2)u(p1) + · · · (14)
where ΓHWWµν (q, k1, k2) is the HW
+W− vertex. The el-
lipsis in MLt denotes terms that are not related to the
Higgs exchange diagram. These terms come from the
contribution of opposite helicity fermions, and are sup-
posed to cancel the bad high-energy behavior of the γ/Z
mediated diagrams.
Without the Higgs contribution ML grows with en-
ergy and eventually violates unitarity. The cancellation
of the bad high-energy behavior of each amplitude, and
the equivalence theorem, are guaranteed by the following
WI:
kµ+k
ν
−Γ
HWW
µν (q, k+, k−) =
−m2WΓHφ
+φ−(q, k+, k−) +
igmW
2
∆H(q
2) , (15)
where φ± are Nambu-Goldstone bosons. Only the lead-
ing terms at high energy are included. The relation above
1 Here we assume ǫµ
1,2 ≈ k
µ
1,2/mW at high energy region.
4explicitly shows that the inclusion of higher order terms
in the imaginary part of ∆H(q
2) has to be related to
the EW corrections of ΓHWWµν and three scalar vertex.
Only if both ∆H(s) and Γ
HWW
µν are computed in one-loop
via the PT, then the WI remains valid, and the gauge-
cancellation, as well as the equivalence theorem, are not
spoiled. Besides,MLt,Z is not affected by the Higgs width
and therefore the tree-level relations can be used. Thus
the resummed propagator can be consistently included
with the one-loop correction to ΓHWWµν via the PT.
Even though correct, the solution outlined above for
f f¯ →W+LW−L is not a general one. InW+LW−L → ZLZL,
for example, it is not sufficient to include only the HWW
and HZZ corrections. The triple and quartic vector-
boson vertices at one-loop are also required to cancel the
bad high-energy behavior of the Higgs-mediated ampli-
tude and the overall procedure of analyzing the full set
of WI’s becomes more and more involved. The goal of
this work is to present a simple method to generate the
needed corrections to the vertices and propagators so that
the WI’s are automatically satisfied and unitarity auto-
matically ensured.
THE EFT APPROACH
As explained above, we aim at finding a systematic ap-
proach to improve the Higgs propagator without break-
ing either gauge invariance or unitarity. In other words
we are looking for a mechanism that guarantees the con-
straints imposed by the WI to be satisfied at any order
in perturbation theory.
At one loop, the full calculation via the PT certainly
provides an exact solution valid at NLO. The challenge
is to achieve the same keeping the calculation at leading
order, including only the necessary ingredients coming
from NLO and resumming them into the propagator via
a Dyson-Schwinger approach. The idea is to associate
the corrections to an ad hoc constructed gauge-invariant
operator and match the operator to the one-loop two-
point function ∆H(s) calculated via the PT. In so doing
one aims at obtaining the exact resummed propagator
already at the leading order and, at the same time, the
interactions modified to automatically satisfy the WI’s.
The latter desired result ensures the gauge-invariance of
the amplitudes, and it can be considered as an approxi-
mation to a full one-loop calculation in PT.
To this aim, we consider the Taylor expansion of the
function Π(s) = ΠRHH(s)
Π(s) =
∞∑
i=0
cis
i , (16)
where ci are dimensionful constants and, as first attempt,
we add the following infinite set of operators to the La-
grangian:
OΠ =
∞∑
i=0
ciφ
†(−D2)iφ
≡φ†Π(−D2)φ (17)
where φ is the Higgs doublet, and Dµ is the covariant
derivative. It is straightforward to check that OΠ mod-
ifies the Higgs propagator as desired: the two φ’s con-
tribute two Higgs fields, and each −D2 contributes an s
leading to
Π(s) = ΠRHH(s) , (18)
as desired. Note that in principle, OΠ is a non-local
operator, yet by expanding it, we re-express it in terms
of an infinite series of local operators.2
We remark that while very similar in spirit , our ap-
proach differs from that of Ref. [14]: the operator chosen
there does not contain gauge fields, and it is therefore
not sufficient to restore the gauge cancellation and fix
the bad high-energy behavior in vector-vector scattering.
Eq. (17) leads to the correct expression for the prop-
agator. However, the first term Π(0)φ†φ in the expan-
sion corresponds to a tadpole contribution. This can be
avoided if this term is replaced by
Π(0)φ†φ→ Π(0)
2v2
[
(φ†φ)− v
2
2
]2
,
i.e., the Higgs-self interaction is suitably modified. As
one can easily check, such a modification leaves the rela-
tion of Eq. (18) unchanged. The final form of the opera-
tor, which we dub O˜Π, is
O˜Π = φ†[Π(−D2)−Π(0)]φ+Π(0)
2v2
[
(φ†φ)− v
2
2
]2
. (19)
The addition of this operator to the SM leads to several
changes, which we now consider in detail. First of all, by
construction, it gives rise to the propagator in Eq. (7),
and a resummed propagator with the full one-loop self
energy via the PT at tree level is obtained. Second it
leads to modifications of the other interactions, in such
a way that gauge invariance is maintained. For example,
the W and Z two-point functions are modified by the
2 In general, inclusion of higher-order derivatives in the Lagrangian
leads to very peculiar quantum field theories, aka Lee-Wick the-
ories, see [36] for a recent analysis and references. As we are
going to see later, in our approach, we only use the imaginary
part of Π(s) and therefore the real part of the propagator is not
affected.
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FIG. 2: Diagrams contributing to W+LW
−
L → ZLZL
addition of
i∆ΠµνWW (q
2) =i
(gv
2
)2 [
Π′(0)gµν +Π′′(q2)qµqν
]
i∆ΠµνZZ(q
2) =i
(
gv
2cW
)2 [
Π′(0)gµν +Π′′(q2)qµqν
]
where v is the Higgs vev, and
Π′(x) ≡ Π(x) −Π(0)
x
, Π′′(x) ≡ Π
′(x) −Π′(0)
x
.
(20)
The values for the W and Z masses are shifted
m2W =
(gv
2
)2
(1 + Π′(0))
m2Z =
(
gv
2cW
)2
(1 + Π′(0)) , (21)
as well as the propagators
i
q2 −m2W,Z

−gµν +
(
1 +
m2W,ZΠ
′′(q2)
1+Π′(0)
)
qµqν
m2W,Z + q
2m
2
W,Z
Π′′(q2)
1+Π′(0)

 . (22)
Let us first consider f f¯ → W+LW−L in the EFT ap-
proach. The operator modifies the HW+W− and the
Hff¯ interactions. The combined effect is a factor of
1 + Π′(s). Therefore in this process the EFT approach
is equivalent to the following substitution of the Higgs
propagator:
∆−1H (s) =
1 + Π′(s)
s− sH +Π(s) , (23)
which behaves like 1/s at large energy, and therefore ex-
actly cancels the high-energy behavior from MLt . It is
also interesting to note that, if Π(s) has a linear depen-
dence on s, i.e.,
Π(s) = i(s− µ2)γ
µ
, (24)
the above equation becomes
∆−1H (s) =
1 + i γ
µ
s− µ2 + is γ
µ
, (25)
and the EFT approach coincides with the scheme pro-
posed by Seymour [13]. This makes sense because in the
Seymour scheme the vector boson pair self energy also
has a linear dependence on s. In our scheme we see that
the numerator of Seymour’s propagator comes from the
modified HW+W− vertex, as required by the WI.
We now turn to vector-vector scattering and in par-
ticular to W+LW
−
L → ZLZL. This process features a
pure gauge and a Higgs-mediated s-channel contribution,
Fig. 2. Both contributions do contain terms that grow
as s at high energy, whose cancellation is guaranteed by
gauge-invariance. To calculate W+LW
−
L → ZLZL ampli-
tude in the EFT we need to extract the Feynman rules
from O˜Π, i.e., the contributions that need to be added
to the usual SM rules. This is straightforward and gives
(all momenta incoming):
H(q)W+µ(k1)W
−ν(k2) ig
mW√
1+Π′(0)
Π′(q2)gµν + · · ·
Zµ(k1)W
+ν(k2)W
−ρ(k3) i
g
cW
m2W
1+Π′(0)s
2
W
[
Π′′(k23)g
µνkρ3 −Π′′(k22)gµρkν2
]
+ · · ·
Zµ(k1)Z
ν(k2)W
+ρ(k3)W
−σ(k4) ig
2 m
2
Z
1+Π′(0)
[
Π′′(s)gµνgρσ + s4W (Π
′′(t)gµρgνσ +Π′′(u)gµσgνρ)
]
+ · · ·
Hφ+φ−, Hφ0φ0 −i g[m2H−Π(0)]2mW
√
1 + Π′(0)
φ+φ−φ0φ0 −i g2[m2H−Π(0)]
4m2
W
[1 + Π′(0)]
(26)
where ellipsis denotes terms vanishing on shell and s = (k1 + k2)
2, t = (k1 + k3)
2, and u = (k1 + k4)
2. These
6Feynman rules are sufficient to calculate bothW+LW
−
L →
ZLZL and φ
+φ− → φ0φ0. At the leading order in m2W
s
and
m2W
m2
H
, we find for W+LW
−
L → ZLZL,
MLLLLH = −
ig2
4m2W
s2[1 + Π′(s)]2
[s−m2H +Π(s)][1 + Π′(0)]
(27)
MLLLLgauge =
ig2
4m2W
s
1 + Π′(s)
1 + Π′(0)
(28)
and for φ+φ− → φ0φ0,
MG = − ig
2
4m2W
s+Π(s)−Π(0)
s−m2H +Π(s)
[
m2H −Π(0)
]
[1 + Π′(0)]
(29)
so that
MLLLLH +MLLLLgauge = −
ig2
4m2W
s+Π(s)−Π(0)
s−m2H +Π(s)
m2H −Π(0)
1 + Π′(0)
=
MG
[1 + Π′(0)]2
. (30)
As expected, MLLLLH +MLLLLgauge does not grow with s
and the equivalence theorem is recovered, up to a factor
[1+Π′(0)]2, which exactly amounts to the wave function
renormalization of the Goldstone fields.
An interesting feature of our approach is that in the
limit where the dependence of Π(s) on s is neglected,
Π(s) ≡ Π is a constant, then Π′(s) = Π′′(s) = 0. The
only effect of the operator is a shift in λ, the coupling
of the Higgs-boson self interaction. If mH is the on-shell
mass, this amounts to the replacement
m2H → m2H −Π , (31)
i.e., given that Π can be a complex number, it is equiv-
alent to the CMS.
The advantage of the EFT approach is the possibility
of using “arbitrary” functional form of the self energy.
We have shown that with special choices of Π(s), the
EFT approach can reduce to the Seymour scheme and
the CMS scheme in certain cases. For example, there is
no need for spurious non-zero width for t-channel propa-
gators as this can be easily imposed by always maintain-
ing gauge invariance. Finally, we note that despite the
restoration of gauge-invariance and equivalence theorem
is a general feature of our approach, one has to be careful
in choosing the appropriate operator. For example, the
following operator
O′Π =
1
2v2
(
φ†φ− v2)Π(−∂2) (φ†φ− v2) (32)
introduced in Ref. [14], gives rise to the correct self en-
ergy and the resummed propagator, but it does not mod-
ify the gauge contribution, so in W+LW
−
L → ZLZL the
gauge cancellation between the s-channel Higgs-mediated
amplitude and the gauge amplitude is not restored. On
the other hand, it modifies the Goldstone amplitude in
a way so that the equivalence theorem is satisfied. As a
result, both W+LW
−
L → ZLZL and φ+φ− → φ0φ0 have
bad high-energy behavior, and eventually break unitarity
bounds. In general, adding higher dimensional operators
to the Lagrangian leads to unitarity violation at some
scale. We are going to show in the next sections that the
operators we use do not have this problem.
Though the above operator O′Π solely does not treat
the HZZ and HW+W− correctly at high energy, when
combined with OΠ, we can adjust them in a certain way
to improve this method. We will discuss this in the fol-
lowing sections.
UNITARITY
Adding operators of dimension n > 4 to the SM La-
grangian
LEFT = LSM +
∑
i
ci
Oi[n]
Λn−4
, (33)
is equivalent to recast the SM in terms of an effective field
theory valid up to scales of order Λ [37], beyond which
the theory is not unitary. It is therefore mandatory to
check whether this is the case for the operator O˜Π. In
fact, as we will see in the following section, a consistent
perturbation theory implies that the same operator needs
to also appear as a counterterm at higher orders. Overall
we do not modify the theory and our procedure amounts
to a reorganization of the perturbative expansion. How-
ever, we still need to make sure that neither unitarity is
violated nor double counting happens at any given order
in the perturbation theory. In this section we consider
the first of these issues by showing that in sample cal-
culations, f f¯ → V V and V V → V V , at tree-level the
operator in Eq. (19) does not break unitarity at large
energy.
In f±f¯± → V V the change in HV V vertex cancels the
change in H propagator at high s, independently of the
helicities of V V , so the s-channel Higgs diagram does not
lead to any bad high-energy behavior. The scattering of
opposite helicity fermions does not entail the s-channel
Higgs diagram and is the same as in the SM.
As we have already verified, in W+W− → ZZ the lon-
gitudinal amplitude does not break unitarity, because the
modification to the corresponding Goldstone interaction
is finite (m2H − Π(0) and 1 + Π′(0)). We now check the
transverse amplitude ++ → −−, 00 → ++, ++ → 00,
++→ ++, in the limit
s ∼ |t| ∼ |u| ≫ m2W , m2H ≫ m2W . (34)
(Note that +−, +0, −0 configurations do not feature a
Higgs in the s-channel and therefore are left unchanged.)
7An explicit calculation for W++W
−
+ → Z−Z− gives
M++−−H =MLLLLH
4m4W
s2c2W
+O(m4W ) (35)
M++−−gauge =MLLLLgauge
4m4W
s2c2W
+O(m4W ) , (36)
whereMLLLL indicates the amplitude with four longitu-
dinal vectors. For W+LW
−
L → Z+Z+ we obtain
MLL++H =MLLLLH
−2m2W
sc2W
+O(m2W ) (37)
MLL++gauge =MLLLLgauge
−2m2W
sc2W
+O(m2W ) , (38)
and for W++W
−
+ → ZLZL we obtain
M++LLH =MLLLLH
−2m2W
s
+O(m2W ) (39)
M++LLgauge =MLLLLgauge
−2m2W
s
+O(m2W ) , (40)
These results vanish faster than the longitudinal ampli-
tude at large s. Finally for W++W
−
+ → Z+Z+, we obtain
M++++H = −ig2m2Z
[1 + Π′(s)]2
[s−m2H + Π(s)][1 + Π′(0)]
+O(m4W )
≈ −ig
2m2Z
1 + Π′(0)
Π′′(s) ∼ s−1 at large s, (41)
M++++gauge = i8g2c2W
s2
4tu
+O(m2W ) . (42)
so at large energy the inclusion of O˜Π does not lead to
any bad high energy behavior.
THE EFT APPROACH AT HIGHER ORDERS
Starting at order αW , the operator O˜Π is allowed in
any leading order computation. At next-to-leading or-
der in EW interactions, however, this is not necessarily
consistent and possibly leads to double counting. In this
section we argue that this is not a fundamental problem
and can be dealt with by simply subtracting the same
operator in a NLO as a counterterm, in full analogy to
the procedure used in the CMS [8].
In the CMS, an imaginary part is added to the real
mass, and then subtracted as counterterm at NLO. One
can prove that this procedure does not spoil the WI’s,
despite the fact that only a special class of higher order
terms is resummed. As the EFT approach can be viewed
as a generalization to the CMS, the same approach can be
followed. The operator O˜Π corresponds to the imaginary
part of the mass. It includes some of the higher-order
contribution, and provides an improved solution to the
WI’s. It enters the resummed propagator and other Feyn-
man rules, and needs to be subtracted at higher orders.
The main difference is that in the CMS the propagator
describes an unstable particle with a fixed width, while
in the EFT approach one can resum an arbitrary part of
the self-energy correction. This difference may be impor-
tant when the width of the unstable particle is large, as
in the case of a heavy Higgs, and the actual functional
form of Π(s) becomes important.
In the pole-mass renormalization scheme, the two-
point function of the Higgs can be written as
∆H(s) = s− sH +ΠRHH(s) (43)
where sH is the pole and Π
R
HH(s) is the one-loop PT self-
energy correction renormalized in the pole-mass scheme.
We can now define the EFT approach by adding the op-
erator in Eq. (19) and subtracting it as a counterterm:
LSM → LSM + O˜Π − O˜Π . (44)
In so doing the theory is exactly the same as before. Now
Eq. (43) can be rewritten as
∆H(s) =s− sH +Π(s)
+ [ΠRHH(s)−Π(s)] (45)
where the first line starts at leading order, while the sec-
ond line starts at order αW . The EFT approach then
amounts to choose Π(s) in a way to capture the impor-
tant part of (if not all of) ΠRHH(s), so that this part of
the self-energy correction is included at the leading order,
and will be resummed. In practice, one does not have to
choose the exact PT self energy, and gauge invariance
is always guaranteed. In particular, choosing Π(s) = 0
corresponds to the CMS scheme.
In our scheme, EW NLO calculations are obviously
more involved. The resummed propagator (7) and the
modified Feynman rules do require extra work. However,
one can also always employ a standard CMS at NLO and
only include the full propagators and vertices in the LO
result. In this way we can consistently have leading order
calculated in the EFT approach, and NLO in CMS but
with counterterms from O˜Π.
IMPROVED OPERATOR
In the EFT approach, the exact functional form of the
Π(s) is somewhat arbitrary. Ideally, one would like to
use the imaginary part of the PT one-loop self energy,
as given in Eq. (9)-(12). Unfortunately, in V V → V V
this choice produces an unphysical excess at low energy.
As mentioned above, such an excess can be avoided by
incorporating the operator O′Π in Eq. (32).
The reason for the excess is that the operator does not
correctly describe the 1-loop HV V vertices at low en-
8ergy. This can be traced back to the WI in Eq. (15)3.
The operator O˜Π in Eq. (19) does not modify ΓHφ+φ− ,
hence, the equality relation is completely satisfied by the
HWW vertex. At high energy this arrangement is satis-
factory because we do not expect contributions from the
Goldstone vertex. However, at low energy, this vertex
turns out to be relevant and thus, modifying only the
HWW vertex gives rise to a bad behavior at low energy.
On the other hand, the operator O′Π (Eq. (32)) satisfies
the equation with the saturation of the Goldstone-Higgs
vertex, yet fails at describing the high energy behavior of
weak boson scattering for example. The solution for this
problem relies on the construction of a suitable combina-
tion of these two operators.
Let us rewrite them in the following form:
OΠ1 = φ†Π1(−D2)φ . (46)
Here we consider the operator of Eq. (19) in the simpler
form, Eq. (17). This is justified by the fact that in prac-
tice we have to work only with the imaginary part of the
self energy, then Π(0) = 0 4. On the other hand, the
operator proposed by Beenakker et al. [14] (Eq. (32)),
can be written as:
O′Π2 =
1
2v2
(
φ†φ− v2)Π2(−∂2) (φ†φ− v2) . (47)
To determine Π1 and Π2, we focus on the HZZ vertex
and the Hφ0φ0 vertex. The inclusion of OΠ1 and O′Π2
modifies these vertices, respectively:
kµ1 k
ν
2ΓHZZ,µν (q, k1, k2) = i
gmZ
2cW
Π1(q
2) (48)
ΓHφ0φ0(q, k1, k2) = i
g
2mW
Π2(q
2) , (49)
where k1 and k2 are the momenta of Z
µZν and φ0φ0.
Now consider the following Ward Identity:
kµ1 k
ν
2Γ
HZZ
µν (q, k1, k2) =
−m2ZΓHφ
0φ0(q, k1, k2) +
igmZ
2cW
∆H(q
2) . (50)
This equation implies
Π(q2) = Π1(q
2) + Π2(q
2) . (51)
We now need to find out the expressions for
kµ1 k
ν
2ΓHZZ,µν (q, k1, k2) and ΓHφ0φ0(q, k1, k2), or equiv-
alently, Π1(q
2) and Π2(q
2). Then the combined operator
OΠ1 +O′Π2 should reproduce all three terms in Eq. (50)
correctly. To this end, we calculate the absorptive part
of both kµ1 k
ν
2ΓHZZ,µν (q, k1, k2) and ΓHφ0φ0(q, k1, k2) at
one loop with PT. The results obtained are:
Π1,2(s) =
∑
XX
ΠXX1,2 (s) (52)
where XX are summed over WW , ZZ, tt and HH , and
9ΠWW1 (s) =−
αW
4pi
[
2sB0(s,m
2
W ,m
2
W ) + (s− 2m2Z)(m2H + 4m2W )C0(m2Z ,m2Z , s,m2W ,m2W ,m2W )
]
(53)
ΠZZ1 (s) =−
αW
16pim2W
[
(4m2Zs+m
4
H +m
2
Hm
2
Z − 2m4Z)B0(s,m2Z ,m2Z)
+(4m2Hm
2
Zs+m
6
H − 3m2Hm4Z − 6m6Z)C0(m2Z ,m2Z , s,m2Z ,m2H ,m2Z)
]
(54)
Πtt1 (s) =
3αWm
2
t
8pim2W
[
sB0(s,m
2
t ,m
2
t ) + 2m
2
t (s− 2m2Z)C0(m2Z ,m2Z , s,m2t ,m2t ,m2t )
]
(55)
ΠHH1 (s) =
3αWm
2
H
16pim2W
[
(m2H −m2Z)B0(s,m2H ,m2H)
−(2m2Zs+m4H − 2m2Hm2Z − 3m4Z)C0(m2Z ,m2Z , s,m2H ,m2Z ,m2H)
]
(56)
ΠWW2 (s) =
αW
16pim2W
[
(m4H + 4m
2
Wm
2
H + 12m
4
W )B0(s,m
2
W ,m
2
W )
+4m2W (s− 2m2Z)(m2H + 4m2W )C0(m2Z ,m2Z , s,m2W ,m2W ,m2W )
]
(57)
ΠZZ2 (s) =
αW
32pim2W
[
(3m4H + 6m
2
Hm
2
Z + 8m
4
Z)B0(s,m
2
Z ,m
2
Z)
+2(4m2Hm
2
Zs+m
6
H − 3m2Hm4Z − 6m6Z)C0(m2Z ,m2Z , s,m2Z ,m2H ,m2Z)
]
(58)
Πtt2 (s) =−
3αWm
4
t
4pim2W
[
2B0(s,m
2
t ,m
2
t ) + (s− 2m2Z)C0(s,m2Z ,m2Z ,m2t ,m2t ,m2t )
]
(59)
ΠHH2 (s) =
3αWm
2
H
32pim2W
[
(m2H + 2m
2
Z)B0(s,m
2
H ,m
2
H)
+2(2m2Zs+m
4
H − 2m2Hm2Z − 3m4Z)C0(m2Z ,m2Z , s,m2H ,m2Z ,m2H)
]
(60)
where B0 and C0 are the Passarino-Veltman functions
[31]. Note in the above equations, only the imaginary
part of both sides will be used.
One can verify explicitly that the WI in Eq. (50) is
satisfied, i.e. with the above definition, we should have
Π
(XX)
HH (s) = Π
(XX)
1 (s) + Π
(XX)
2 (s) (61)
for (WW ), (ZZ), (tt), and (HH), respectively.
Note that Π1 corresponds to HZZ and Π2 corresponds
to Hφ0φ0. In Figure 3, we show a comparison of ΠHH ,
Π1 and Π2. At large energy, ΠHH and Π1 display the
same behaviour, while Π2 (i.e. Hφ
0φ0) is negligible. This
justifies the use of our operator OΠ in Eq. (17) at high
energy, as it generates the right HV V vertex. At lower
energy, however, Π2 dominates and displays a “bump”
above threshold. Because the operator given in Eq. (17)
does not give rise to the right Hφ0φ0 vertex, it is clear
that had we chosen this operator in the EFT scheme, we
would have mistakenly considered this “bump” as part
of HV V vertex, resulting in an unphysical excess at low
energy.
To reproduce the right behaviour in both low and high
energy regions we use the combined operator
O¯Π = OΠ1 +O′Π2 (62)
with Π1 and Π2 given by Eq. (52).
This operator gives a better description, as shown in
Figure 4 where we compare the longitudinal component
of the HZZ vertex derived from operator OΠ (Eq. (17))
and the improved operator O¯Π (Eq. (62)) with the ac-
tual calculation at one loop with the PT. The improved
operator describes the HZZ vertex very well. Figure 5
compares the transverse component of the HZZ vertex.
The improved operator comes closer to the actual trans-
verse component.
When applying our scheme with the operator O¯Π in
Eq. (62), we prefer to work with the complex-pole renor-
malization. To do this we need the following countert-
erms for ΠHH :
ΠRHH(s) = ΠHH(s)− δsH + (s− sH)δZ (63)
where sH is the pole. δsH and δZ are given by
δsH = ΠHH(sH) (64)
δZ = −Π′HH(sH) (65)
For the Feynman rules, essentially we are going to replace
all the Π’s in (26) by Π1, and include a factor of 1 + δZ
for the SM HV V vertex to account for the wavefunction
renormalization.
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FIG. 3: Comparison of ΠHH , Π1 and Π2.
APPLICATIONS
The treatment of the propagator of the Higgs is of im-
mediate relevance for the LHC. As simple testing ground
of our proposal and comparisons to the conventional
methods, we consider three processes of particular phe-
nomenological importance at the LHC for a scalar boson
(which for brevity, we identify with an hypothetical heavy
Higgs): vector boson scattering, tt¯ production via vector
boson fusion and Higgs production via gluon fusion. We
have compared the effective approach described above in
Eqs. (21), (22) and (26), with two other schemes:
1. A naive inclusion of the self energy, i.e., using the
following propagator
i
∆H(s)
=
i
s− sH +ΠR(s) , (66)
without changing anything else. Here sH = µ
2 −
iµγ.
2. The CMS scheme,
i
∆H(s)
=
i
s− sH . (67)
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A modified version of MadGraph [38], with the im-
plementation of the effective Lagrangian approach and
the naive propagator with the PT self energy is used to
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generate events. As SM input parameters we take:
mZ = 91.188GeV (68)
GF = 1.16639× 10−5GeV−2 (69)
α−1 = 132.507 (70)
mt = 173GeV . (71)
The pole mass is
µ = 800GeV , (72)
and ΠR(s) is the imaginary part of the PT self energy
renormalized in the pole scheme. The factorization scale
is set as the default dynamical scale of MadGraph and
the PDF set is CTEQ6l1 [40].
Vector Boson Scattering
In V V → V V scattering processes, the effective de-
scription allows one to achieve a complete description
of the Higgs line-shape at the resonance region and at
the same time it corrects the bad high-energy behavior
originated from the momenta dependent part of the self
energy. As a bonus, we show that our definition avoids
the need for including spurious t-channel widths which
occur in the complex-mass scheme also affecting the high
energy behavior of the scattering amplitudes.
In Figure 6 we show the energy behaviour of the
ZZ → ZZ scattering amplitude summed over helicities,∑
hel |M(s, t, u)|2, at scattering angle cos θ = 0. The
fixed width scheme, Eq. (67), naive propagator, Eq. (66),
the effective description and a case in which the width is
set to zero are presented. The agreement between the
effective scheme and the naive propagator at the reso-
nance region is pretty good. The difference with respect
to the fixed width scheme is evident. At high energy, the
naive propagator diverges, while the effective description
behaves correctly. Similar comments can be made about
W+W− →W+W− amplitude, shown in Figure 7.
The fact that in both ZZ → ZZ and W+W− →
W+W− the fixed width scheme differs from the effective
approach at the high energy region indicates that the
spurious t-channel width gives a non-negligible contribu-
tion. This fact can be verified by comparing the different
schemes with the no-width case. Moreover, in the case
of W±W± → W±W±, shown in Figure 8, the effective
description and naive propagator are equivalent to the
no-width case and the excess observed in the amplitudes
in the fixed width scheme comes from the spurious width
in the t and u-channels.
At the LHC, the differences shown above may become
important for a broad resonance. Despite the fact that a
light Higgs has been observed, there is still room for new
heavy and eventually broad resonances, e.g. in scaled-up
QCD or in 2HDM’s. The V V scattering are embedded in
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FIG. 6:
∑
hel
|M(ZZ → ZZ)|2 with scattering angle, θ =
π/2. The curves correspond to: fixed width scheme, Eq. (67),
naive propagator, Eq. (66), the effective description and the
no-width, in which the width is set to zero.
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FIG. 7:
∑
hel
|M(W+W− → W+W−)|2 with scattering an-
gle, θ = π/2. The curves correspond to: fixed width scheme,
Eq. (67), naive propagator, Eq. (66), the effective description
and the no-width, in which the width is set to zero.
more complex processes of the form qq → qqV V , where
the two final state jets are emitted with high energy in the
forward-backward region of the detectors and the vector
bosons decay into two fermions with high pT through the
central region. We study the processes uc → ucZZ and
us → dcW+W− assuming the nominal energy of LHC,
ECM = 14 TeV .
In Figures 9, 10, the distribution of the invariant mass
of the ZZ-system is shown. In Figure 9, the resonant
region is shown. A basic set of selection cuts to en-
hance vector boson scattering contribution, listed in the
left column of Table I, have been applied. The effec-
tive description fits well with the running behavior of the
Higgs propagator. In Figure 10, the high-energy region
is put in evidence. To better appreciate the differences
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|M(W+W+ → W+W+)|2 with scattering an-
gle, θ = π/2. The curves correspond to: fixed width scheme,
Eq. (67), naive propagator, Eq. (66) and the effective descrip-
tion. The no-width case is equivalent to the last two.
between schemes at LHC energy, a further set of cuts has
been added (right column of Table I). As expected, the
effective approach gives a well behaved distribution at
such energies contrary to the naive propagator and with
a rate about 10% lower than the fixed width scheme.
This difference amounts to the t-channel spurious contri-
bution present in the fixed width case. Similar conclu-
sions can be drawn from Figures 11, 12, where the recon-
structed WW -system invariant mass distribution for the
us→ dcW+W− process is shown.
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FIG. 9: Mass distribution of ZZ-system in the process uc→
ucZZ around the resonance peak. The cuts listed in the left
column of Table I have been applied.
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FIG. 10: Mass distribution of ZZ-system in the process uc→
ucZZ at the high energy region. All cuts listed in Table I have
been applied.
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FIG. 11: Mass distribution of WW -system in the process
us → dcW+W− around the resonance peak. The cuts listed
in the left column of Table I have been applied.
Basic Extra
pT (j) > 10GeV pT (V ) > 400GeV
2 < η(j) < 10 ∆η(jj) > 4.8
∆R(j, j) > 4 η(V ) < 2
M(jj) > 100GeV M(jj) > 1000GeV
∆η(V, j) > 1
TABLE I: Cuts to enhance vector boson fusion. Basic ones
on the left column and the extra ones on the right column.
W+W+ → H → tt¯ production
In tt¯ production, we can observe a similar behavior
with respect to ZZ → ZZ vector boson scattering. We
have concentrated on the process us→ dctt¯, in which the
Higgs in produced by W+W− fusion and decayed to a
13
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FIG. 12: Mass distribution of WW -system in the process
us → dcW+W− at the high energy region. All cuts listed in
Table I have been applied.
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FIG. 13: Mass distribution of tt¯-system in the process us →
dctt¯ around the resonance peak. The cuts listed in the left
column of Table I have been applied.
pair of top quarks. The energy in the center of mass is
set to 14 TeV. In Figure 13, the invariant mass distribu-
tion of tt¯ at the resonant region is presented. The cuts
shown in the left column of Table I have been applied
in order to enhance the vector boson fusion contribu-
tion. Here again, the effective description describes the
functional form of the propagator, which can go up to
5% of difference w.r.t the fixed width scheme. As seen
in Figure 14, in the high mass region, the effective de-
scription is dumped down by the effective WWH vertex
and does not grow with energy as is the case in which
the naive propagator is adopted. The extra cuts shown
in the right-hand column of Table I have been added in
order to highlight the differences better.
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FIG. 14: Mass distribution of tt¯-system in the process us →
dctt¯ at the high energy region. All cuts listed in Table I have
been applied.
Gluon-gluon Fusion
For the study of a heavy Higgs produced via gluon-
gluon fusion and decayed to a W -boson pair, gg →
W+W−, it is very important to consider the complete
set of diagrams due to delicate gauge cancellations that
control the high energy behavior. For this purpose we
have relied on MCFM [39] for evaluation of the matrix el-
ements, taking into account all diagrams contributing at
leading order (yet one loop) to the process gg →W+W−,
with W s decaying to leptons. Phase space integration
and unweighted event generation have been carried out
within the MadGraph framework. The selection cuts
shown in Table II have been applied.
pT (ℓ) > 2GeV
6 ET > 2GeV
η(ℓ) < 3
∆R(ℓℓ) > 0.5
TABLE II: Cuts applied for gg →W+W− on the second one.
The mass distribution of WW -system in the three
schemes considered if shown in Figure 15 and Figure 16.
In Figure 15 we can see that the effective scheme and
the naive propagator description present the same behav-
ior around the resonance region, while the fixed width
scheme shows a typical slighlity harder resonance. At
high energy, the naive propagator diverges and the effec-
tive scheme and fixed width scheme are well behaved.
CONCLUSIONS
We have argued that it is possible to consistently
and efficiently include running width effects for a heavy
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FIG. 15: Mass distribution of the reconstructed WW -system
in the process gg → W+W− → e+νeµ
−νµ, around the reso-
nance peak. The cuts listed in Table II have been applied.
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FIG. 16: Mass distribution of the reconstructed WW -system
in the process gg → W+W− at the high energy region. The
cuts listed in Table II have been applied.
Higgs-like boson employing an EFT method. We can
summarize the main points of our approach as follows:
• Introducing a width for an unstable particle
amounts to a rearrangement of the perturbative
expansion where the corrections to the two-point
function are resummed in the propagator. The ad-
dition of the operator O¯Π defined in Eq. (62) allows
to effectively perform such resummation in a gauge
invariant and unitary way while keeping the full
virtuality dependence of the self-energy. We have
shown that in the limit where such dependence can
be neglected our scheme is equivalent to the CMS.
• At leading order, one has the freedom to choose
the functional form of Π(s). We propose to use
the exact one-loop PT self-energy correction. The
rationale is that such self-energies are gauge invari-
ant and by exploiting the WI’s, we demand O˜Π to
mimic the most important one-loop corrections as
much as possible. In practice, however, using any
other form of Π(s) does not break either gauge in-
variance or unitarity. In particular, one could avoid
the need for a spurious non-zero width for t-channel
propagators.
• EW higher-order corrections can be still performed
in the CMS, without loss of accuracy or double
counting issues. In practice, one can include the
running width effects via the EFT at the leading or-
der and neglect the virtuality dependence at NLO,
i.e., employ the usual CMS for the NLO term.
In conclusion, in this work we have considered the case of
how to consistently define a running width in the case of a
heavy SM Higgs. The same approach can be used, for ex-
ample, in the context of a Two-Higgs-Doublet model and
applied to the current searches for new scalar states at
the LHC. Extension to gauge vectors and heavy fermion
states, on the other hand, are not straightforward and
need further investigation.
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